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Abstract 
In this paper, three biofuel-producing processes with carbon dioxide capture and storage (CCS) are studied: two (fermentation) ethanol 
processes and one process producing methanol (via gasification). In these processes CO2 is captured from streams which are relatively pure, i.e. 
the main impurity is water vapour which may be easily removed. Owing to this, the costs for CO2 capture, both in terms of economic cost and 
energy penalty, are very low and these processes could thus constitute some of the first instances where CCS is implemented. The paper 
highlights under which conditions biofuel production with CCS may create a CO2-neutral transport sector.  
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
There is a constantly growing concern about increasing greenhouse gas emissions, and one of the main emitters is the 
transport sector. Today, transport is responsible for 23 % of the world’s energy-related greenhouse gas emissions [1] and in 
Sweden, which is used as an example in this study, the corresponding figure is about 40 % [2]. The transport sector also faces 
serious problems concerning reliable and affordable supply of sufficient amounts of fuel – a matter often summarized as the 
security of supply-problem. A strategy with large potential for decreasing carbon dioxide (CO2) emissions and increasing 
security of supply could be to increase the use of motor fuels produced from biomass. To further enhance the CO2 mitigation 
ability of this strategy, carbon dioxide capture and storage (CCS) could be integrated into these biofuel-producing processes. If
CO2 from biomass-based processes is captured and stored, it may be claimed that the biofuels’ life-cycle CO2 emissions are 
negative, which would be very beneficial for the efforts at stabilizing global CO2 emissions.  
1.1. Aim and paper overview 
The aim of this paper is to illustrate how biofuel production processes with CCS could contribute to creating a CO2-neutral 
transport sector which also has a higher degree of self-sufficiency than today. Further, the purpose is to highlight how the 
prospects of reaching this aim depend on the level of biomass supply available for biofuel production, the efficiencies of the 
biofuel production processes, the use of CCS in the production processes as well as the energy savings (including efficiency 
improvements) implemented in the transport sector.  
Three processes with CCS producing bio-based motor fuels are studied in this paper: two ethanol processes and one process 
producing methanol. In these processes CO2 may be captured from streams which are relatively pure, i.e. the main impurity (in 
the ethanol cases) is water vapour which may be easily removed. Owing to this, the costs for CO2 capture, both in terms of 
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economic cost and energy penalty, are very low and these processes could thus constitute some of the first instances where CCS 
is implemented. For this reason, such CO2 is called “low-cost CO2” in this paper. (It would of course be possible to capture CO2
also from other streams in the biofuel plants, but those streams are not as pure and hence not low-cost CO2 streams.) The ethanol 
and methanol are assumed to be produced from lignocellulosic biomass, which is the kind of biomass dominating in countries 
like Sweden. In this study, Sweden’s demand for road transport motor fuel is put in relation to its biomass resources. Three levels 
of future domestic biomass supply are taken into consideration, based on a review of a large number of studies estimating the 
Swedish biomass potential. For each of the three levels of biomass supply, the three biofuel production options are applied one
after another, resulting in nine cases. When CO2 from biofuel production is captured and stored, the biofuel may be seen as 
having negative net emissions. If the goal is to create a CO2-neutral road transport sector, the use of CO2-negative biofuels allows 
a specific amount of fossil fuels to be used – an amount with CO2 emissions as large as the biofuel’s negative emissions. For 
each of the nine cases, the quantity of biofuel produced from the available biomass is calculated, as well as the amount of fossil
fuel that may be used under the constraint of a CO2-neutral transport sector as a whole (indirect emissions from biomass 
cultivation etc. are also accounted for). Finally, the total amount of motor fuel (biofuel plus the corresponding amount of allowed 
fossil fuel) including, where applicable, the electricity produced as by-product in the biofuel process, is compared to today’s use 
in Sweden for each studied case. This comparison, among other things, emphasizes the importance of improving vehicle 
efficiency and saving energy in the transport sector by other means.  
2. Calculation methodology 
This section begins with an explanation of how the three different levels of Swedish biomass potential are assessed. 
Thereafter, the three biofuel production technologies are briefly described, after which the nine different cases, characterized by a 
specific biomass supply level and biofuel production technology, are elaborated. 
2.1. Survey of biomass potential studies 
Numerous studies of the potential for future Swedish biomass supply have been carried out during recent years. These studies 
come to quite different conclusions, depending on e.g. different time horizons and differing assumptions concerning the size of
the areas used for biomass production and the yields of these areas etc. Hoogwijk et al. [3] identified six factors that are crucial 
for determining the world (and Swedish) biomass availability for energy use: future food demand (determined by population size 
and diet), the kind of food production system used in the future, energy crop and forest productivity, the use of bio-materials,
land availability, competing land uses (e.g. for reforestation). Since many of these factors are rather uncertain, the resulting
biomass potentials often differ greatly. 
When discussing potentials, distinctions are often made between the physical, technical, ecological, economic and realized 
potentials. The physical potential is the theoretical maximum amount of biomass that a specific area of land may produce and it
is limited by e.g. the type of biomass growing on the land, soil conditions, climate etc. However, normally all biomass is not 
technically possible to harvest, and taking these limitations into account reduces the physical potential into a technical potential. 
To harvest the whole technical potential would often not be ecologically sound, and considering what is assessed ecologically 
sustainable reduces the potential further to the so-called ecological potential. In this review of future Swedish biomass 
production, potential should be understood in this sense. But it is not always economic for a company or country to utilise all of 
this potential and taking this into consideration reduces the ecological potential to the economic potential. Finally, not even the 
whole economically favourable amount of biomass is used, and hence the term realized potential designates what is actually 
harvested from the area under consideration.  
For the purpose of this study, seventeen recent studies estimating the future (i.e. in most of the studies somewhere around 
2020-2030) biomass potential were reviewed [4-20]. Studies performed within academia and by government commissions were 
included, but not studies by various non-governmental organisations. Today’s use of biomass (in total around 400 PJ/year [21]) 
was subtracted from the estimations found in the studies, resulting in figures for the potential increase in biomass supply. The 
results are summarized in Figure 1 and further elaborated in Appendix A. As may be seen, some of the reviewed studies present 
an interval for the potential increase in biomass supply, whereas others give only a point estimate. Figure 1 also illustrates what
was discussed above: it is not unusual that the estimations of the increase in future biomass supply differ considerably between
studies. 
In this paper, it is assumed that economic measures (such as taxes and policies) will be in place so that the ecological potential 
shown in the figure will also be the economic potential which in turn equals the realized future potential. For the rest of this
study, the biomass used annually for production of motor fuels is estimated to be either 160 PJ, 280 PJ or 400 PJ. This is done to 
illustrate the effect of varying biomass supply and the three levels of supply are designated Scarce (160 PJ), Average (280 PJ)
and Abundant (400 PJ). The level of supply assessed to be the best prediction of the future depends on the estimation of how 
much biomass that may be harvested and the size of the share used for biofuel production. 
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Figure 1. The potential for increased biomass supply in Sweden. (Note that [16-17] only estimate agricultural biomass and [18-20] only forest biomass. See 
Appendix A for more details). References [9-13, 15, 20] present point estimates, whereas the other references give intervals for the future Swedish biomass 
potential.
2.2. Biofuel conversion technologies  
To illustrate the importance of the efficiencies of the biofuel production processes, three efficiency levels are used in this 
study. These levels are called Low, Medium and High efficiency, respectively, and are described below. For each efficiency 
level, the energy (electricity) demand for capturing the low-cost carbon dioxide is also described, as well as the indirect 
CO2 emissions associated with biomass production, transport etc. and the biofuel distribution.  
2.2.1. Low efficiency 
Ethanol may be produced from lignocellulosic biomass, making use of its considerable share of cellulose and hemicelluloses 
that may be fermented to ethanol using the proper micro-organisms. The biomass’ third main constituent, lignin, is a polymer 
that does not contain sugars and therefore it cannot be fermented to ethanol. However, the lignin may be combusted in the 
ethanol plant to generate heat and power, and hence it is a valuable by-product. In general, one part of the produced electricity 
may be exported as the ethanol-producing process only needs part of the produced electricity. The lignin could also be pelletized
and sold as fuel pellets for use elsewhere. 
To facilitate fermentation to ethanol, lignocellulosic biomass must first be hydrolysed to fermentable sugars. This could be 
done by e.g. so-called dilute acid prehydrolysis and simultaneous enzymatic saccharification of the remaining cellulose and 
fermentation of the resulting sugars to ethanol. The produced ethanol is distilled away from the water and residual solids, and the 
solid waste products from the distillation bottoms are combusted in a fluidised bed combustor together with other waste products.
A part of the wastewater is sent to anaerobic and aerobic digestion to produce methane-rich biogas which is also combusted, in 
order to maximize the heat production. The heat is mainly used for pretreatment and distillation and excess steam is used for 
electricity production, ensuring a plant which is self-sufficient and even able to sell a small surplus of electricity. In this study’s 
Low efficiency cases an ethanol plant with an LHV (lower heating value) efficiency of 33 % and a net electrical efficiency of 
3 % is used in accordance with a study by Wooley et al. [22] (their near-term base-case using an assumed LHV 17.9 MJ/kg).  
Carbon dioxide is produced in the fermentation process, and this CO2 is usually vented to the atmosphere. But this carbon 
dioxide is rather pure and it would therefore be easy and comparably inexpensive to capture and store it, if large-scale CCS 
becomes a reality. Removing the water and compressing the CO2 to transport pressure (here assumed to be 100 bar) are 
essentially the necessary process steps. In order to do this, an estimated 0.43 MJ/kg CO2 is needed [23], and this energy demand 
decreases the net electrical efficiency to 2.2 % [24]. In the following section, the electricity is assumed to be used in the transport 
sector together with the produced biofuel.  
The amount of CO2 captured and stored corresponds to 12 tonnes CO2 per TJ biomass input [24], which is the amount of 
carbon dioxide released during a fermentation process producing an amount of ethanol corresponding to the 33 % 
LHV efficiency. Further, biomass production and transport give rise to 3.0 tonnes CO2 per TJ biomass input and distribution of 
the produced ethanol causes 0.4 tonne CO2 for the amount produced from 1 TJ biomass input [24]. In conclusion, each TJ 
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2.2.2. Medium efficiency 
In the Medium efficiency cases, an ethanol-producing process similar to the one described above is used, but the efficiencies 
are higher – reflecting a more optimistic appraisal of future process development and/or a longer time perspective. In these cases, 
the ethanol production LHV efficiency is assumed to be 41 % and the electrical efficiency 4 % [25]. Calculations regarding the 
CO2 capture analogous to the ones described above and previously reported by the authors [24] result in a net electrical 
efficiency of 3.4 %, a capture of 15 tonnes of fermentation CO2 per TJ biomass input, carbon dioxide emissions from biomass 
transport of 3.0 tonnes per TJ biomass and another 0.5 tonne CO2 for the distribution of ethanol; i.e. the net negative carbon 
dioxide emissions are 12 tonnes CO2 per TJ biomass feed.  
2.2.3. High efficiency 
For the High efficiency level, a methanol production case described by Hamelinck and Faaij [26] is used as basis. Methanol is 
produced via gasification of biomass in an atmospheric indirectly fired gasifier (a Battelle Columbus design) followed by syngas
cleaning (low temperature wet cleaning with cyclone, bag filters and scrubbers), steam reforming and partial shift to optimize the 
H2:CO ratio, and a conventional (gas-phase) methanol reactor with gas recycle. The methanol reactor is sensible to CO2 excess 
and therefore a part of the CO2 is removed in a Selexol unit prior to the reactor. Although this CO2 removal step needs electricity, 
it is carried out regardless of whether the carbon dioxide later is stored or not and the electricity consumption should therefore 
not be allocated to the CCS strategy investigated in this study. The only major electricity demand associated with the capture and 
storage of this CO2 is instead the electricity needed for compression which, as above, is assumed to be 0.43 MJ/kg CO2 [23]. This 
efficiency penalty further increases the methanol plant’s electricity deficit from 4.5 % to 5.6 % at a methanol production 
LHV efficiency of 59 % [26]. In the process 27 tonnes CO2 are captured (how this is calculated from data given in [26] is shown 
in Appendix B) and, as in the other cases, 3.0 tonnes CO2 per TJ biomass is emitted when the biomass is cultivated and 
transported and the methanol distribution results in emissions of 0.7 tonne CO2 per TJ biomass [24]. Hence the net effect of using 
1 TJ for production of methanol in this way is negative carbon dioxide emissions of 23 tonnes CO2.
2.3. Developing the studied cases  
Above, three different levels of biomass supply to be used for motor fuel production have been described (Section 2.1) 
together with three levels of biofuel production process efficiencies (Section 2.2). Using these prerequisites, nine (three times
three) different cases may be evaluated, each characterized by either a scarce, average or abundant biomass supply as well as a
low, medium or high biofuel production efficiency. For each case, it may be calculated how much biofuel that may be produced 
from the available biomass, the amount of electricity produced as by-product and the net negative carbon dioxide emissions 
(equal to the amount of captured low-cost CO2 minus the indirect CO2 emissions coming from biomass production and transport 
as well as distribution of the produced biofuel). These calculations are summarized in Table 1. Note that for the three cases with
high biofuel production efficiency, a part of the available biomass is used to produce the electricity for the methanol plant and 
therefore the net biomass amount available for biofuel production is lower in these cases. This electricity production is assumed 
to be carried out at an efficiency of 51 % [26]. The adjustment of biomass supply is not applicable for the cases with low or 
medium biofuel production efficiencies, since these processes produce a surplus of electricity. 
The aim of this study is to illustrate how a CO2-neutral Swedish road transport sector might look. Thus, the negative 
CO2 emissions associated with the biofuel production make room for using a small amount of fossil petrol and still meet the 
target of zero carbon dioxide emissions for the transport sector as a whole. This amount of petrol that may be used under the 
constraint of no net CO2 emissions is calculated in Table 1 for each of the nine cases, making use of the assumption that each GJ 
of petrol emits 79.3 kg CO2 (including indirect emissions from production and distribution) [27]. 
Table 1. Calculations of biofuel and electricity production for each case as well the amount of petrol that may be used under the constraint of zero total 
CO2 emissions 
Biomass supply level Scarce Average Abundant Scarce Average Abundant Scarce Average Abundant
Production efficiency level Low Low Low Medium Medium Medium High High High
Biomass supply [PJ/year] 160 280 400 160 280 400 160 280 400
Biomass for biofuel production [PJ/year] 160 280 400 160 280 400 144 252 360
Produced biofuel [PJ/year] 53 92 132 66 115 164 85 149 213
Exported electricity [PJ/year] 3.5 6.2 8.8 5.4 9.5 14 0 0 0
Net negative CO2 emissions [MtonnesCO2/year] 1.4 2.4 3.4 1.8 3.2 4.6 3.3 5.8 8.3
Equivalent amount petrol [PJ/year] 17 30 43 23 41 58 42 73 104
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3. Results 
Today, around 274 PJ fossil petrol and diesel are used in Sweden for road transport each year [2, 28]; in this study it is 
assumed that the transport demand will remain at this level in the future. As may be seen in Figure 2, the biofuel production and 
the electricity produced as by-product (not applicable for the cases with high level efficiency) together with the above-discussed 
allowed amount of petrol will be enough to cover the demand only in the Abundant/High case. This means that if biofuel 
production (including the electricity by-product) and allowed petrol use do not cover the demand, increased vehicle fuel 
economy must ensure that the fuel demand is decreased to the level of fuel supply. In Table 2 it is shown how large the necessary 
increase in fuel economy (efficiency improvements and energy savings) needs to be for the produced fuels to satisfy a transport
demand as high as today’s. 
Figure 2. The contributions of petrol, electricity and biofuel to satisfying a demand as large as today’s for the nine studied cases
Table 2. Necessary improvements in fuel economy needed for the nine studied cases to cover today’s demand 
Scarce  Average Abundant 
Low 73% 53% 33% 
Medium 66% 40% 14% 
High 54% 19% 0% 
4. Discussion 
The results presented above illustrate the necessity for substantial improvements in fuel economy, but the results also show 
that in some cases (Abundant/Medium, Average/High and Abundant/High) the needed improvements are rather modest (less than 
20 % in the mentioned cases). This may be compared to the substantial potential for improvements in fuel economy possible. For 
example, it is believed that various measures such as road pricing, infrastructure improvements, better transit systems, tele-
commuting and net meetings could decrease the demand for transport by 10-15 % [1, 29]. The fuel economy may also be 
improved by technical means, e.g. decreased weight and improved drivetrain efficiency could decrease cars’ fuel consumption by 
40 % [30] and decreasing lorries’ empty weight, air resistance and rolling resistance could lead to savings of 25-30 % [31]. To
continue, non-technical means such as increased use of so-called eco-driving and higher lorry load factors may also help improve
fuel economy. In the light of these figures, it seems attainable to reach a CO2-neutral transport sector in the three best cases 
mentioned above, even if the underlying assumption of a constant demand for transport is seen as perhaps somewhat optimistic. 
Instead, many studies predict an increased demand for transport (e.g. by 1.2 % per year [32]). 
In this study it is assumed that most of the increase in biomass supply is used for motor fuel production, an assumption that 
might be criticized for being too optimistic. Considering that Sweden has a large forest industry sector, such a development is
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Swedish Energy Agency predicts the yearly use of biomass for other purposes than motor fuel production to increase by 180 PJ 
until 2025 [32]. This speaks for the opinion that at least the Abundant level cases will probably not come true. 
To continue, Sweden’s biomass resources per capita are very large compared to those of most other countries, especially as 
regards forest resources. For an average European country, the annual per capita biomass potential is around 20 GJ [10, 11, 33]
which also includes other uses of biomass than as feedstock for motor fuel production. When comparing that figure with the 
assumptions used in this study – that around 16, 28 or 40 GJ/year biomass per capita (depending on supply level chosen) is used
for biofuel production – it is clear that Sweden is privileged compared to most countries. Seen in this way, the cases in this study 
with scarce biomass supply should be the most representative for other countries.  
As may be seen in Figure 2, incorporating CCS into the biofuel production processes enables the use of a substantial amount 
of petrol without causing any net carbon dioxide emissions. This effect is greatest in the methanol (High efficiency) cases and
means that if a specific CO2 emission target (e.g. zero net CO2 emissions) is to be reached, only about two thirds as much biofuel 
must be produced if CCS is used (the rest may continue to be fossil fuel) compared to if no CCS is incorporated in the biofuel 
production process.  
To continue, the electricity produced as by-product may play a slightly more important role than shown in the diagram above. 
This is because an electric motor has a much higher efficiency than an internal combustion engine. This means that 1 PJ of 
produced electricity may satisfy a greater transport demand than 1 PJ biofuel, petrol or diesel, but this is not taken into account in 
Figure 2 – i.e. the electricity contribution is underestimated in the diagram which, to be specific, shows the transport energy
demand if internal combustion engines are used. The overall picture is, however, not affected by this simplification.  
Finally, it is important to remember that in this study only the capture and storage of low-cost carbon dioxide has been 
considered, since this is where these biofuel-producing processes have their competitive advantage compared to many other 
large-scale CCS applications. If CO2 were to be captured also from other streams of the biofuel plants (i.e. from the flue gas 
coming from combustion of residues in the ethanol plants), the CO2 mitigation potential would be much higher – resulting in 
much better prospects of reaching a CO2-neutral transport sector by using the strategy outlined in this paper.  
There are also other possibilities for reaching a CO2-neutral transport sector with higher security of fuel supply than the 
biofuel strategy outlined in this paper. For example, battery electric vehicles, different forms of hybrids and fuel cell vehicles are 
hoped and/or believed to reach significant market penetration during the coming decades. This will enable a much more efficient
use of energy, decrease the transport energy demand and reduce CO2 emissions (assuming that the electricity and/or hydrogen is 
produced in a CO2 lean way). Such a development is compatible with this paper’s strategy, since the biofuel cannot (in all cases 
but one) cover the whole transport demand. Also, it is possible to use biofuels in fuel cell vehicles, although this does not seem to 
be the main option today.  
5. Conclusion  
This paper has illustrated that it is difficult, but possible, to attain a CO2-neutral transport sector using biofuel production with 
CCS and a limited amount of petrol, whose CO2 emissions correspond to the net negative emissions from the biofuel production. 
To attain a CO2-neutral transport sector with high security of fuel supply using the strategy outlined in this study, capturing the 
low-cost CO2 from the biofuel processes is of vital importance. It is also important to have high biofuel process efficiencies and a 
large biomass supply. Thus, if the described strategy is to be successful, continued development of the biofuel processes as well 
as CCS technology is needed, as are forceful policies directing the use of biomass to the transport sector. 
In Sweden, ethanol is seen as an important road to a more sustainable society; the biofuel is exempted from energy taxes and a 
pilot plant for lignocellulosic ethanol production has been built. This system study shows that – if CCS becomes a reality – 
integrating CCS into ethanol production fits very well into such a strategy and that methanol production with CCS may be an 
even better option. 
The work has been carried out under the auspices of The Energy Systems Programme, which is primarily financed by the 
Swedish Energy Agency.  
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Appendix A.  Review of 17 biomass potential studies 
Table 3. Biomass supply potential and increase compared to today in PJ/year 
Gross biomass potential  Adjustment1 Biomass supply increase 
Reference Lower limit Upper limit  Lower limit Upper limit 
SOU 1992:90 [4] 454 569 -223 231 346 
Johansson, 1996 [5] 450 547 -266 184 281 
Börjesson et al., 1997 [6] 349 824 -266 83 558 
SOU 2000:23 [7] 450 634 -266 184 368 
Börjesson, 2001 [8] 299 389 -223 76 166 
Berndes and Magnusson, 2006 [9] 414 0 414 
EEA, 2006 [10] 544 -403 141 
Ericsson and Nilsson, 2006 [11] 483 -266 217 
Hagström, 2006 [12] 418 -266 152 
Robèrt et al., 2006 [13] 637 -266 371 
Swedish PM´s Office, 2006 [14] 166 443 0 166 443 
KVA, 2007 [15] 151 0 151 
Agricultural biomass only 
Axenbom et al., 1992 [16] 79 137 0 79 137 
SOU 2007:36 [17] 76 97 0 76 97 
Forest biomass only 
Hektor et al., 1995 [18] 202 209 0 202 209 
Lönner et al., 1998 [19] 4 58 0 4 58 
Swedish Energy Agency, 2007 [20] 72 0 72 
1 In the reviewed studies of estimations of the total biomass potential, today’s use is – to a varying degree – included and must therefore be subtracted in order 
to obtain the potential increase compared to today. The size of this adjustment is not the same for all studies, since the studies’ estimations contain different parts 
of today’s biomass use. For studies in fact estimating the increase the adjustment is 0; for studies where biomass use for heating, combined heat and power, 
transport and use in other industries (excluding forest industries), the adjustment is -223 PJ/year; for studies where all biomass use apart from the use of black 
liquor in the pulp industry is included in the estimations, 266 PJ/year must be subtracted; and if the studies contain total biomass use (including black liquor) the 
adjustment is -403 PJ/year which is today’s use [21]. 
Appendix B.  Elaboration on the methanol producing process used (High production efficiency cases) 
Case 6 in [26] gives the following data:  
Biomass input: 380 MW LHV; methanol output: 255 MW HHV; electricity deficit: 17 MW. Base investment Selexol CO2
removal unit: 54.1 MUSD; base scale: 9909 kmole CO2/h; scale factor: 0.7; investment Selexol unit in case 6: 9.5 MUSD.  
Assuming an LHV/HHV ratio of 0.88 gives a methanol output of 224 MW LHV, i.e. an LHV efficiency of 0.59. The 
electrical input needed can be calculated to be 4.5 % (17 MW/380 MW) or 0.045 TJ electricity per TJ biomass feed. 
Using equation 1 in [26], it can be concluded that (size/9909)0.7 = (9.5/54.1) where size is the size of the CO2 removal unit in 
case 6. Performing the calculation results in a size of 826 kmole CO2/h, corresponding to 36.3 tonnes CO2/h. Relating this to the 
biomass input of 380 MW results in a CO2 capture rate of 26.6 tonnes CO2 per TJ biomass feed.  
To compress 26.6 tonnes CO2 per TJ biomass feed, 0.011 TJ electricity is needed (0.43 MJ/kg CO2 [23]), i.e. the total 
electricity demand is 0.045+0.011=0.056 TJ electricity per TJ biomass feed. 
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